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Abstract 
Biological developments show that chemical and physical gradients are prevalent and 
vital in cellular response. Our research focused on developing a microfluidic device with a 
growth factor gradient across a 3D hydrogel to study of cell response to gradients in vitro. In our 
study, we used endothelial cells along with a gradient of VEGF for testing. The gradient induced 
cellular infiltration showing that it can be used to research effects of gradients in vitro. 
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Chapter 1 - Introduction 
Because of stringent FDA regulations and a cost of $2.6 billion to develop each new 
drug, there is a clear and present need to improve the efficiency of in vitro drug testing 
techniques (Delamarche et al, 1998) and to have a viable cell culture, the environment where the 
cells are grown needs to resemble in vivo conditions as closely as possible (Barrilleaux et al, 
2006). While more is being discovered about the different factors affecting cells in the body, 
cellular constructs remain outdated. This project will focus on creating a more in vivo-like 
environment for the cells to grow and thrive in. 
 The introduction of cellular culturing in vitro has revolutionized research. Cell culture is 
the method of growing and studying cellular constructs outside the body, which has created 
many new research opportunities. Improvements in this field have led to discoveries in 
characterizing phenotypes, identifying cancer cells, and advancements in regenerative medicine 
(Discher et al, 2005; Tibbitt & Anseth, 2009), while also improving toxicity testing and viability 
testing (HogenEsch & Nikitin, 2013). Cell culture techniques have propelled in vitro studies 
forward, but there is always room for improvement. Cultures that mimic the biological properties 
better than current methods would be able to give more accurate results.  
Currently, cells are cultured on either traditional two dimensional (2D) dishes, or the 
more recently developed three dimensional (3D) gels (Wylie et al, 2011). While both types of 
culturing have modernized cell research in vitro, both lack accuracy in mimicking cell’s natural 
environment perfectly. For example, 2D cell culture plates used to grow cells are made out of a 
hard plastic, usually polystyrene, which can greatly change the cell morphology and behavior 
when compared to cells cultured on a more natural stiffness (Tibbitt & Anseth, 2009; Hynes, 
2009). These 2D plates also lack many of the body’s natural environmental factors such as 
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chemical, mechanical, and electrical stimuli. This platform does not easily allow for the addition 
of multiple variables which cripples the possibility of replicating the complex physiological 
makeup of the body. While the body naturally experiences complex gradients (Wylie et al, 2011) 
this is simply not possible in a 2D environment. 
Newer methods of cell culture have tried to improve upon these inefficiencies by creating 
a 3D environment for the cells to reside in. Compared to 2D culture, 3D hydrogels better mimic 
the body through cellular immersion in a natural extracellular matrix (ECM) material such as 
collagen, fibrin or agarose. Gels can also be more analogous to the softer tissues in the body 
opposed to the stiffness of the polystyrene plates (Tibbitt & Anseth, 2009). One metric that has 
been employed to compare the similarities between differently cultured cells is examining their 
gene expression. The gene expression is more similar between the 3D immersed cells and in vivo 
cells than between the in vivo and the 2D cells. However, the efficacy of these gels still needs to 
be improved (Chung et al, 2005). In a 3D gel, it is much more difficult for all the cells to receive 
nourishment from their culture media due to nutrients having to diffuse through the 3D 
environment. (Griffith et al, 2005). While being a more realistic model of the body 3D gels still 
have difficulties producing any gradients indicative of the body (Wylie, 2011). To create a 
system that can culture cells in an environment as similar to the body as possible, it needs to both 
accurately mimic in vivo stimuli and also maintain cell viability through the entire depth of the 
gel. 
It has been theorized that using vasculature within the gel may increase the depth for 
effective cell viability. In the body, vasculature is used to bring nutrients and remove waste in the 
tissues. Adding this factor into a hydrogel could possibly extend the depth at which media can 
penetrate while also improving the accuracy of the biomimicry. It has been shown that 
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angiogenesis, the creation of vasculature, can be achieved through the introduction of a gradient 
of growth factors to cells capable of maturing into vessels (Wylie et al, 2011). Research has 
shown that growth factors such as fibroblast growth factor (FGF), vascular endothelial growth 
factor (VEGF), angiopoietin-1, and stromal-derived factor 1 can influence angiogenesis (Guo et 
al., 2012). This growth factor gradient can be created using a microfluidic device, which has 
been shown in previous studies to allow precise control in the creation of gradients in hydrogels 
(Chung et al, 2005). The use of microfluidics can allow for control of the concentrations 
throughout the hydrogel while still enabling the cells to adhere and remain viable. 
This project worked to eliminate some of the downfalls of the 3D cell culture by creating 
a system that can produce a gradient of growth factor across an injectable hydrogel. A 
microfluidic device was devised which applied intrinsic design to both constrain the hydrogel to 
the region of interest and generate this gradient in a linear form in a method that is both 
sustainable and reproducible. Cell viability, gradient formation and cellular response were 
characterized and investigated over the course of this project. Finally, the results indicate that 
this design was successful in accomplishing all objectives and this design or variants thereof can 
be used in future investigations of cellular reaction. 
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Chapter 2 - Literature Review 
2.1: Introduction: 
Cellular microenvironments are complex domains consisting of the extracellular matrix 
(ECM), neighboring cells, and gradients of surrounding soluble factors and nutrients. The 
purpose of this project is to create an in vitro biomimetic device that can express these different 
factors. This requires in depth knowledge of gradients in the body, tissue engineering and 
cellular culture in 3D. The following pages go into in depth research on these topics. 
2.2: Cellular Response to Gradients: 
Angiogenesis is being used in this project as a proof-of-concept for using our device to 
study any gradient-dependent phenomena that occurs within the body. Gradients are ubiquitous 
throughout physiological environments. These gradients directly affect cellular chemotaxis 
(movement in relation to a concentration gradient), signaling, and differentiation (Lutolf & 
Hubbell, 2005; Freytes et al., 2009). Physiologically, these gradients are very important as they 
affect important processes within the body such as embryogenesis, capillary sprouting, and 
wound healing (Sant et al., 2010). To better understand these processes it is very important to be 
able to create this in vitro. 
Angiogenesis was tested in the device initially because the components are well 
documented. The process involves a multitude of different interactions between vascular cells 
and the extracellular matrix (ECM) (Banfi et al., 2005). Pro-angiogenic factors including 
fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), angiopoietin-1, and 
stromal-derived factor 1 are all secreted from locations identified as new blood vessel formation 
sites (Guo et al., 2012).  
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Figure 2-1: Vasculogenesis. (Luttin & Carmeliet, 2003) 
 
Upon the release of these pro-angiogenic factors, endothelial cells (ECs) are activated 
from nearby tissue and act with matrix metalloproteinase to degrade the basement membrane 
surrounding existing blood vessels. The ECs then migrate into the interstitial space and assemble 
into a new network of tubes, as seen in Figure 2-1 (Guo et al., 2012). To produce the intended 
response within our device, the vascular endothelial cells along with the corresponding growth 
factor, VEGF, was obtained. Forming a gradient of this growth factor required research into 
current cellular culture methods. 
2.3: 3D Cell Culture Techniques 
As a result of the prevalence of gradients within the human body, there has been a large 
amount of research into defining different methods of producing in vitro gradients. Two of the 
most popular methods are immobilized gradients, where molecules are tightly adhered to the 
ECM, and gradients of diffusible soluble factors that freely move through the region. While 
many studies have investigated immobilized gradients of growth factor or adhesion peptides, this 
type of gradient does have a number of limitations. . One such limitation is that the covalent 
linkages used to bind the factors to the cross-linked structure can negatively impact cellular 
uptake. Additionally, this type of gradient formation lacks biomimicry due to natural tissue 
employing dynamic flow and prevalence of static factor concentrations is severely limited (Peret 
& Murphy, 2008). 
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Soluble growth factor gradients are much more accurate in mimicking natural cellular 
chemotaxis and angiogenesis (Sant et al., 2010). Rather than relying on chemical adhesion of 
factors to the surface of the hydrogel, soluble gradients flow growth factors dissolved in liquid 
through and around cells seeded in a hydrogel. While this method of delivery can impart 
mechanical stress and shear upon the cells, different methods have been investigated to reduce or 
eliminate altogether these constraints (Sant et al., 201). There are many different types of 
hydrogels that have been used for cellular culture that could be compatible with the creation of a 
gradient. 
2.4: Hydrogels 
As mentioned previously, creating cellular housing scaffolds is imperative to insure close 
approximation of physiological conditions within the body and creating the gradient. In this 
regard, current research has popularized the usage of hydrogels as scaffolds due to their nature as 
polymeric cross-linked networks and their ability to hold large quantities of water and medium 
(Hennik & van Nostrum, 2012). By varying the degree of cross-linking density, polymeric 
material, or processing procedure, different viscoelastic and physiological-like behaviors can be 
elicited (Omidian et al. 2010).  
Natural polymers are often used as cellular scaffolds due to their much higher 
biocompatibility than synthetic alternatives (Lee & Mooney, 2001). One of the most common 
naturally derived polymers used to create a hydrogel is collagen, which is ubiquitously expressed 
throughout the body. Collagen hydrogels, due to their natural origin, have a similar macroscopic 
structure as an in vivo environment and thus are one example of these three dimensional 
scaffolds (Drury & Mooney, 2003). On its own, collagen does not have good mechanical 
properties, and as such must be cross-linked to provide use as a 3D scaffold. It can also be 
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difficult to consistently isolate due to the natural variations in physiologic tissue (Ma, 2004). 
However due to its properties including natural cellular adhesion and expression of biological 
proteins and other factors, its popularity far outweighs other alternatives (Lee & Mooney, 2001; 
Tronci et al, 2010). 
The processing of hydrogels can produce both mechanical and chemical crosslinking. 
Mechanical crosslinking, or reversible crosslinking, creates physical interactions between the 
different polymer strands. Upon mechanical loading or shear stress the hydrogel has the ability to 
break apart and return to its original form. Alternatively, chemically cross-linked hydrogels are 
permanent in relation to external mechanical stress and loading. While they retain the capacity to 
biodegrade, these chemical cross-linked structures have material properties which make them 
much more attractive as a cellular scaffold.  
2.5: Microfluidics 
Creating an in vitro device that encapsulates all the components of cellular 
microenvironments requires the use of very specialized equipment. Microfluidics is an area 
within device engineering that utilizes micro-scale flow of material to create regions of distinct 
concentration. Such devices are called “lab on a chip” as they can do complex analyses on 
something the size of a penny or dime, as seen in Figure 2-2 (Diao et al, 2006). These devices are 
often used due to their ability to adjust the inlet flow rate to allow for dynamic control of the 
gradient within the device (Keenan et al, 2007) 
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Figure 2-2: A microfluidic device next to a penny (Albrecht, 2014) 
 
One of the main reasons scientists have begun working with micro-scale devices is due to 
their ability to produce perfectly laminar flow rates. Laminar flows as opposed to turbulent, 
occurs when a fluid flows in parallel layers with no disruption between the different layers. Over 
short distances, this flow results in no mixing (Young et al, 2007). However, another advantage 
of this type of flow is that mixing of different fluids is entirely dependent upon diffusion across 
the different fluid boundaries. This separation of different fluid layers is shown below in Figure 
2-3. Another specific advantage of microfluidic devices extends to the ability to fabricate large 
numbers of devices over a small area. This ability generates large throughput and allow a 
researcher to run multiple experiments simultaneously with little added cost or time.  
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Figure 2-3: Laminar flow in a microfluidic device (Fuji T. Labs, 2008) 
 
2.6: Microfluidic Gradient Generators 
One of the most commonly used methods of generating these microfluidic devices is 
through the use of photolithography. Photolithography is a process that incorporates a user 
defined computer aided design (CAD) of the device. The CAD model of the device is used to 
print a photomask to be used later. Within a clean room, photoresist, a photosensitive organic 
polymer, is spun onto a disk of silicone. UV light is selectively shined through the CAD design 
printed onto the photomask and either solubilizes or stabilizes the photoresist to create a negative 
or positive mold. The negative silicon wafer can then be used as a mold to produce a variety of 
different gels with the device design imprinted with a high aspect ratio and resolution. Figure 2-4 
below shows the basic process of photolithography.   
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Figure 2-4: Diagram of the microfluidic device creation process (Bhatia, 2014) 
 
Photolithography allows for the creation of designs specifically tailored to the function 
they are meant to serve. For the purposes of this project, the team investigated using the natural 
microfluidic proclivity towards diffusion. To understand which design we wanted for our device, 
we researched previously used gradient forming microfluidic devices. Below are three basic 
gradient generators commonly used in microfluidics; T-junction, gradient tree and source-sink 
gradient generators (Figure 2-5). 
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Figure 2-5: Gradient generation (Lin, 2015) 
 
2.6.1: T-junction 
T-junctions are commonly used diffusive mixing channels that only allow for mixing of 
the two inputs at the boundary. As the straight channel increases in length, the diffusion zone 
increases and a more completely mixed fluid is achieved. This shape allows for dissimilar fluid 
streams to be combined and form racemic mixtures of varying chemicals or factors (Mao, et al., 
2002). The relatively simple design of this microfluidic device allows for easy fabrication and 
mathematical modeling. However, constant perfusion through the device is disadvantageous in 
that there is a large quantity of both factors and real estate consumed to allow for complete 
diffusion. Additionally, with only one outlet, cells located near the device are subject to a large 
degree of mechanical stress. Finally, the device is only able to generate a gradient across a single 
axis, which prevents the generation of a more in vivo multi-gradient system.  
- 12 - 
 
2.6.2: Gradient Tree 
A gradient tree, or dilution network, is a more efficient version of the T-junction gradient 
generator. By flowing a high concentration, shown in green, against a buffer solution, shown in 
white, a very detailed and mathematically calculable gradient can be generated. Additionally, 
this gradient can be captured within different cell chambers or a single chamber in which cellular 
response can be imaged. This gradient is additionally advantageous in that it can create dynamic 
gradients in both 2D and 3D, can and do so uniformly throughout the entire cell chamber, 
without exposing the cells to harmful mechanical stresses. Additionally with the ability to add 
additional inputs, multi-factor gradients can be generated from which the cells can be subjected. 
2.6.3: Source-Sink 
The last basic gradient generator commonly used within microfluidics is a source sink 
gradient. This method relies purely upon the diffusive properties of the factor of interest to move 
from a region of high concentration to low. This methodology is advantageous due to the ability 
to mathematically predict the diffusive rate across the boundary. Additionally, by injecting a 
hydrogel between the region of high concentration and low, cells can be suspended in 3D and be 
exposed to a similarly dimensioned gradient. Lastly, this device has ubiquitous use in that the 
gradient can form across any axis, and only depends on moving towards steady state across the 
gel, lending itself to a highly predictive and repeatable device.   
2.6.4 Plasma Cleaning / Bonding 
The team investigated plasma bonding the PDMS device to the surface of a glass slide in 
order to form the proper microfluidic channels. Plasma bonding is the method of removing 
impurities and contaminants from surfaces by using high frequency voltages to ionize low 
pressure gas. When the PDMS device and glass slide are introduced to the chamber, oxygen 
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plasma is effective in breaking most organic bonds and reacting the surface into a highly charged 
and reactive state. After removal from the chamber, the device and slide can be covalently 
bonded together by simply placing the two reactive surfaces in contact. This method of chemical 
activation is shown below in Figure 2-6. 
 
Figure 2-6: Plasma bonding activation of surface (Elveflow, 2015) 
 
2.7 Importance 
While currently the use of angiogenesis in our device is only for validating the ability of 
the device, it can also provide valuable testing for different research aspects. Research into 
creating reliable models of angiogenesis could be useful in a broader spectrum of applications, 
such as physiological and pathological modeling. Physiological modeling would include creating 
models of development, wound healing, and tissue development. Pathological angiogenesis 
modeling could be used to improve in vitro testing of tumor formation as well as other 
angiogenesis-dependent diseases (Guo et al., 2012). The development of models of angiogenesis 
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is necessary to generate more accurate and predictable measures of cellular research, tissue 
engineering and clinical treatment. By allowing researchers to engineer tissue that more 
accurately mimics those found in the body, better treatments and diagnostics can be created. 
Angiogenesis and the innervation of nervous tissue in musculature are fundamental to the 
development of complex in vitro models.  
One area angiogenic in vitro model would be useful would be for the testing of cancer 
drugs. Angiogenesis is one of the major hallmarks of cancer progression (Hanahan & Weinberg, 
2000). Specifically, VEGF is overexpressed throughout a tumor’s lifecycle and that the limiting 
of VEGF can decrease overall malignancy, size and metastasis of the tumor (Borgstrom et al., 
1996; Fontanini et al., 1997). As shown in Figure 2-7 below, limiting VEGF can severely reduce 
overall vasculature in and around the tumor leading to tumor death and a decreased ability for 
growth. 
 
Figure 2-7: The effect of VEGF inhibition on tumor vasculature (Genentech, 2015) 
 
Since our device is made to use a VEGF gradient to create angiogenesis, it is an easy 
switch to then input soluble version of cancer therapeutics to test their effects on vasculature.  
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Chapter 3 - Methodology  
This chapter outlines the ideas about the solutions to our design described in the 
objectives and constraints, as well as the approach our team developed to accomplish our project.  
3.1: Initial Client Statement 
A client statement is necessary to understand what the client wants in terms of 
deliverables. The client of this project was able to give us a detailed statement that summarized 
the problem, stated the end goals, gave a basic overview of objectives and constraints, and gave 
the project a starting point. The initial client statement can be seen below: 
 
“The main objective of this project is to explore methods to produce stable growth factor 
gradient in 3D gels. The project has the following major objectives and sub-objectives   
1. Choose the optimal 3D culture system. 
a. Choose from natural ECMs (e.g. collagen), commercially available hydrogels or 
synthetic polymers to prepare cell encapsulated 3D gels, preferably 
biodegradable. 
b. The gel should be transparent so that cells can be imaged using a regular 
microscope. 
c. Scaffold should be of uniform thickness of about 100-500 microns, preferably in 
the 150 -250 micron range. 
d. Ability to embed (mix) cells in the scaffold before cross-linking.  
e. Choose a suitable gel cross linker that does not affect cell viability. 
2. Develop a method to stably cross-link growth factors (for e.g., bFGF, EGF, PDGF) to the 
gel material 
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3. Develop a new or use an existing method to generate a growth factor gradient in the 3D 
gel. 
4. Develop a method to visually determine the growth factor gradient (microscope) across 
the gel. 
5. Standardize a technique to quantify the growth factor concentrations in gel samples. 
Use suitable cells or cell lines to demonstrate utility of the gradient gel to study cell behavior (for 
e.g., cell survival, proliferation, adhesion, migration, differentiation).”  
 
This client statement was used to determine the objectives, constraints, functions and 
means. Throughout the length of this project the client statement was altered to fit to the ever 
evolving research. These revised client statements will be discussed later. 
3.2: Objectives and Constraints 
Using the client statement as a guide, the team created a list of objectives that needed to 
be completed for this project to be considered successful. These objectives are broken down into 
five main groups:  
1. 3D gel formation 
2. Observable results 
3. Producing a gradient 
4. Creating angiogenesis 
5. Ease of use.   
Breaking these groups down further leads to secondary objectives that allow for more 
specification. Both the primary and secondary objectives can be seen in Figure 3-1 and are 
described in detail below. 
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Figure 3-1: Objective tree 
 
3.2.1: 3D Gel Formation 
The 3D gel component of the system allows for better mimicry of the in vivo system. To 
maintain testing integrity, this gel needed to be of uniform thickness and set quickly. In order to 
achieve the vasculature creation that was desired, the cells in the device had to be able to migrate 
into the gel. Finally the gel must be biocompatible so that the cells survive in the culture. 
3.2.2: Observable Results 
The cells within the system must be observable through cell staining or traditional light 
microscopy. This was necessary for visual confirmation of cell growth and angiogenesis, which 
was the end goal of the device.  
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3.2.3: Introducing a Concentration Gradient 
A reliable concentration gradient needed to be created in a relatively short amount of 
time. This gradient needed to be continuous, linear, and easy to model. The device needed to 
create the same gradient between each test to get accurate results of the growth factor’s results on 
the cells.  
3.2.4: Producing Angiogenesis 
The main goal of this project was to vascularize a muscle cell culture, and this was to be 
achieved through the promotion of angiogenesis of endothelial cells. The above objectives were 
ranked using a Pairwise Comparison Chart ( 
Table 3-1), and the secondary objectives were also compared (Table 3-2 to  
Table 3-4). The highest ranked objective was measurability because quantifying results is 
the only way to prove that the device worked. The 3D gel and gradient generation objectives 
ranked equally because they are two of the essential components of the device. Angiogenesis, 
while the overall goal of this project, was only innovative if done using a 3D gel with the 
gradient, and thus ranked below those two objectives. Finally, ease of use was the lowest ranked 
objective due to the fact that having a functional device was more important than having the 
simplest setup. 
Table 3-1: Pairwise comparison chart of primary objectives 
 
 Measurable 
3D 
Gel 
Gradient 
Generation 
Angiogenesis Ease of Use Total 
Measurable X 1 1 1 1 4 
3D Gel 0 X 1/2 1 1 2 ½ 
Gradient 
Generation 
0 1/2 X 1 1 2 ½ 
Angiogenesis 0 0 0 X 1 1 
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Ease of Use 0 0 0 0 X 0 
Table 3-2: Pairwise comparison chart of secondary objectives for 3D gel 
 
 Biocompatible 
Allow Cell 
Movement 
Fast/Controllable 
Setting 
Degradable 
Uniform 
Thickness 
Total 
Biocompatible X 1 1 1 1 4 
Allow Cell 
Movement 
0 X 1 1 1 3 
Fast/Controllable 
Setting 
0 0 X 1/2 1 1 ½ 
Degradable 0 0 1/2 X 1 1 ½ 
Uniform 
Thickness 
0 0 0 0 X 0 
 
 
Table 3-3: Pairwise comparison chart of secondary objectives for gradient generation 
 
 Continuous Easily Modeled Linear Total 
Continuous X 1 1 2 
Easily Modeled 0 X 1 1 
Linear 0 0 X 0 
 
 
Table 3-4: Pairwise comparison chart of secondary objectives for ease of use 
 
 Reliable Safe 
Easy to 
Manufacture 
Limited Training 
Necessary 
Total 
Reliable X 1 1 1 3 
Safe 0 X 1 1 2 
Easy to 
Manufacture 
0 0 X 1/2 1/2 
Limited Training 
Necessary 
0 0 1/2 X 1/2 
 
 It can be seen in Table 3-2 that the most important part of the 3D gel was that it was 
biocompatible to allow for cell culture. This was then followed by allowing for cell movement, a 
necessary component for angiogenesis, with a quick gelation time and degradability coming 
next. These two secondary objectives help increase the overall experience of working with the 
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gel, but are not completely necessary for its success. Finally, the lowest ranked objective was a 
uniform thickness to the gel, due to the fact that it may be possible to have reproducible 
angiogenesis in a gel of varying thickness. 
 
Table 3-3 shows that having a continuous gradient was the most important part of the 
gradient generation, as this allowed for reproducibility and maximized the chance of 
angiogenesis. This was followed by having a good way to model the gradient, because 
quantifying the gradient would lead to a better understanding of how the system worked. Finally, 
the linearity of the gradient ranked below the other two objectives because a non-linear gradient 
may be able to produce the desired results. 
Table 3-4 shows ease of use secondary objectives, and are ranked with reliability as the 
most important, followed by safety, ease of manufacture, and the training needed to use the 
device. The system needed to be able to reliably induce angiogenesis over multiple iterations of 
the experiment and could not lead to any harm to the scientist. The actual fabrication and skills 
needed for the device use were less pressing than making sure that the device was safe and 
worked every time. 
3.3: Constraints 
Constraints of the project limit the design space and focus the project. Coming from the 
client statement, the below constraints better specify how the project needed to be completed. 
1. Device is 150 microns (uniformly) thick 
2. Gel needs to set within 2 hours 
3. Device must be optically clear to the point of allowing cell observation 
4. Must cost less than 140 USD to produce device 
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5. Gradient must stabilize within 5 hours 
 
3.3.1 Device must be at most 150 microns (uniformly) thick 
 
Microfluidic devices are designed to be extremely small, and having channels that were 
more than 150 microns thick would make it extremely difficult to work with in a reliable 
manner. The channels would not function properly and would have a hard time being able to 
support themselves and remain open, greatly hindering the experiment (Albrecht, 2014). 
3.3.2 Gel needs to set within 2 hours 
In order to expedite the experimental procedure for using the system it was necessary to 
determine a maximum acceptable gelation time. It was determined that a gelation time of two 
hours was the upper limit for the materials used in this device, because any cells in the gel need 
to remain in suspension and not settle to the bottom due to gravity. If the cells were to settle then 
the 3D reliability of the experiment would be compromised. 
3.3.3 Device must be optically clear to the point of allowing cell observation 
Observing cell growth and angiogenesis were essential to deeming the project a success, 
and thus it is important that the device be optically clear. The cells within the device needed to 
be visually observable under a light or fluorescence microscope for confirmation that the system 
worked. 
3.3.4 Must cost less than $140 
Due to budget limitations, it was determined that creating the microfluidic device was not 
to exceed $140. Most microfluidic devices are created using a photomask for photolithography, 
which generally costs about $100. This large initial cost would be offset by the relatively 
inexpensive materials used for the actual fabrication of a microfluidic device, PDMS and glass 
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slides. As a result, an additional $40 was determined to be acceptable to create several of these 
systems for testing. 
3.3.5 Gradient must stabilize within 5 hours 
The cells needed to be exposed to a non-stabilized gradient for the shortest amount of 
time possible. Because of this, the gradient should stabilize as quickly as possible, and it was 
decided that 5 hours was the maximum acceptable time to wait for stabilization. Fluctuations in 
the gradient over time would lead to varied cell responses, and the fastest gradient stabilization 
would lead to the most precise results. 
3.4: Revised Client Statement 
After researching more in depth about angiogenesis, microfluidics and 3D culture 
numerous questions arose that needed clarification. Through many talks with the client and many 
iterations of the client statement a final client statement was revised. This new statement 
concisely covers what needs to occur within the project.  
 
“The aim of this project is to develop a device, preferably a microfluidic device, to 
generate three dimensional biocompatible gels designed to incorporate linear concentration 
gradients of growth factors to better study angiogenesis in muscle cells. The system should be 
optimized for a 3D gel of 100-500 microns in thickness, preferably 150-250 microns. The system 
should allow easy mixing of cell, fast gelling and easy observation, monitoring and analysis of 
cells under a microscope.”  
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3.5: Project Approach  
The team decided upon a project strategy in order to move forward in creating a solution 
to the client statement seen above. Included in this project strategy were the technical, financial, 
and managerial concerns.    
3.5.1 Technical 
The technical aspects of this project can be divided into the fabrication and validation of 
the device and hydrogel, and the study and observation of the cellular behavior and chemotaxis. 
The client statement, objectives and constraints detailed above were utilized to form a 
comprehensive design approach.  
Concerning the objectives, safety was of the highest concern, for both the manufacturers 
and the user. Hydrogels can be produced using chemicals and procedures which can pose harm 
or serious injury to their users. In order to generate the proper reactivity from monomers, some 
hydrogels require free radicals or monomers such as acrylamide and bis-acrylamide to initiate 
the polymerization process. These monomers are known to be highly corrosive, carcinogenic and 
neurotoxic. In recognition of this, this project will take the appropriate precautions and limit the 
procedures to processes which can be safely and reliably controlled within standard laboratory 
environment. No procedure that requires safety equipment beyond an A2 safety cabinet, nitrile 
gloves, laboratory goggles, UV face masks and laboratory coats will be considered.  
The team focused on using a robust and repeatable method of fabricating the hydrogel 
across which the gradient will be generated, while maintaining the objectives and constraints. 
The most precise methods of generating these gradients such as microjets and advanced 
microfluidic assays require advanced equipment which would interfere with our objectives of 
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making this method cost efficient. Therefore we will only consider methods such as diffusion, 
flow or crosslinking to expose cells to the gradient of growth factor.    
When choosing materials for the device itself, all the objectives and constraints were 
taken into account once more. The team chose to use a polydimethylsiloxane (PDMS) gel as it is 
commonly known to be nontoxic. Additionally, these gels have commonly been used by our 
advisor and are known to be suitable for providing the structure to microfluidic device. 
In order to generate angiogenesis across the gel, the team investigated the use of vascular 
endothelial growth factor (VEGF). VEGF is commonly known to produce angiogenesis and 
chemotaxis of endothelial cells across a gradient. To validate the generation of the gradient 
across the hydrogel, the team sought to use a molecule of similar size to vascular endothelial 
growth factor and to tag it with a fluorescently labeled molecule. This would allow the team to 
image in real time the generation of the gradient and its maintenance before achieving steady 
state. Since cellular response to gradients of VEGF is known, microscopy would allow us to 
determine and measure cell chemotaxis into the gel.  
3.5.2 Team Management 
Due to the large nature of the project, as well as the amount of time allocated to the 
development of this device, several management tools were used to keep the project progressing 
smoothly. The first tool used was a Gantt chart (Figure 3-2), which broke the work into various 
tasks and showed a detailed timeline of when every task needed to be completed, as well as the 
resources which could be allocated. 
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Figure 3-2: Gantt chart 
 
This was extremely helpful in breaking down all of the work, and assisted in keeping 
track of who. Overall, the Gantt chart was essential planning tools in order to manage our time 
effectively, split project goals evenly, and keep track of due dates and tasks to be completed for 
this project. 
3.5.3 Financial 
With any design project there are financial constraints that must be considered. Not only 
does this project have budgetary considerations, but due to the team’s design for 
manufacturability, the cost and time of production must be reduced while maintaining a high 
level of quality. Fortunately, the photomask was acquired at no cost from WPI’s Biomedical 
Engineering Department. The materials required to make PDMS hydrogels are already available 
from Professor Ambady’s laboratory and the plasma bonder required for cleaning and bonding 
the devices to glass slides was available through Professor Albrecht’s laboratory. Additionally, 
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Professor Ambady has allowed the use of a fluorescent microscope, Trypsin-EDTA, and 
Complete Media free of charge. Lastly, Professor Jain has allowed the use of fluorescently 
tagged bovine molecules for the validation of a gradient of growth factors. A projected bill of 
materials for the preliminary testing of our device is show below in Table 3-5. 
Table 3-5: Budgeting 
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Chapter 4 - Alternative Designs 
This project involved the design and creation of a one dimensional gradient of growth 
factor to induce angiogenesis in Telomerase Immortalized Microvascular Endothelial (TIME) 
cells. This chapter summarizes the needs, functions, and specifications that were determined 
from the client statement, and then discusses the design alternatives that were considered by the 
team. It then presents the final design and its optimization. 
4.1: Needs Analysis  
After reviewing the client statement, the team created the revised client statement, seen in 
section 3.4. The most necessary objectives were identified and used to distinguish the functional 
needs and wants for the final design: 
● Choose or design a microfluidic device which produces a stable growth factor gradient in 
3D gels. 
● The device should be optically transparent to allow for imaging  
● Scaffold should be of uniform thickness of about 100-500 microns, preferably in the 100-
200 micron range. 
● Choose from natural extracellular matrices (e.g. collagen), commercially available 
hydrogels or synthetic polymers to prepare the gel (preferably biodegradable).  
● Device should have the ability to embed cells in the scaffold before cross-linking. 
● Develop or use an existing method to generate a gradient of the growth factor across the 
entire device.  
● Standardize a technique to quantify the growth factor concentrations in gel samples 
● Develop a method to visually determine the growth factor gradient (microscope) across 
the gel 
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In chapter three, the team presented a pairwise chart of the primary and secondary 
objectives and scored them to determine which were the most important. The top three ranked 
objectives determined from the team’s pairwise comparison chart are that the device must: 
1. Create a gradient which is measurable 
2. Consist of a three dimensional gel 
3. Create a sustainable gradient 
From these objectives, the team determined that the necessary characteristics of the 
design. The growth factor used must be easily measurable and obtainable. The gel must be made 
from easily obtainable components which are cytocompatible. Lastly, the gradient must be 
sustained for at least one day and be quantifiable.  
4.2 Functions 
In order for this device to be effective for experimentation, it needs to complete several 
functions. The following functions ensure that the device works as desired and improves in vitro 
cell cultures. 
4.2.1 Induce a Cellular Response 
The major purpose of this device is to observe cells' response when exposed to a gradient 
of growth factor. The natural environment of cells in the body consists of many different 
gradients which are not usually present during traditional cell culture. Exposing endothelial cells 
to a VEGF gradient should lead to angiogenesis. The cells should form a monolayer along the 
gel that has the gradient, and the cells from this monolayer should move into the gel and form 
vasculature. The length of this vasculature can be used to determine the success of the device, 
with an invasion of at least 50 µm as a minimum benchmark for success. 
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4.2.2 Gradient Stability 
The gradient must form across the gel quickly and remain steady for an extended period 
of time. This will ensure that the cells are exposed to the concentration gradient for the duration 
of the experiment and are not affected by unplanned changes to their environment. The rapid 
gradient formation is needed for when media is replenished so the cells stay viable, and the 
extended lifespan of the gradient allows for experiments over several days. The gradient can be 
verified through the use of fluorescent molecules imaged over time with a gradient forming 
between 0% and 100% concentrations. The analysis of the fluorescent gradient can be performed 
using computer software to determine the brightness within the hydrogel. The benchmarks for 
success for gradient formation are that it should occur within a minimum of 15 minutes and 
remain stable for up to 12 hours. It also must range linearly from 0% to 100% concentrations 
throughout that timespan. 
4.2.3 Gel Viability  
The hydrogel scaffold must be viable for long enough to observe vessel formation of the 
cells. This means that the gel needs to be stable for several days with cells growing within it. The 
cells cannot degrade the gel to the point that it is unable to support the 3D nature of the culture, 
but it must allow for cell migration and proliferation. The minimum acceptable life span of the 
gel was determined to be at least 7 days to give the cells long enough to respond to the gradient. 
4.2.4 Cell Viability 
The device must be able to support cellular attachment, proliferation, and migration. For 
the cells to continue to grow and migrate, nutrients in the form of complete media must be 
provided. Additionally, oxygen must be able to reach the cells, meaning the device must be of a 
permeable material and allow the diffusion of oxygen to the cell attachment plane. The gel also 
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needs to be permeable to nutrients and oxygen to ensure cell viability. The device must remain 
uncontaminated in order to view the potential formation of vasculature without interference. A 
live-dead assay can be used to verify the survival of the cells, and using an optically clear 
material can enable observation of the cells and any contamination. 
4.3: Alternative Designs 
This section outlines the various design alternatives that were considered for this project.  
4.3.1: Gradient Generation 
Solid State Devices 
After discussing the potential uses with the client, our first design focused on a variation 
of previous project work, and utilized cross-linking growth factors directly to the hydrogel 
matrix. This design was advantageous in that it could be combined with varying gradients of 
stiffness or other factors and could create a more accurate in vitro model. This design would 
allow for a gradient of growth factor to appear in multiple dimensions across the gel, while 
allowing cells to be suspended in three dimensions.  
This design did not serve as an accurate in vivo mimic due to the growth factors 
encountered within the body being suspended in a liquid phase and not bonded to the 
surrounding matrix. Also, due to an inability to replenish the factors, this design would not be 
able to express a gradient over a long period of time. A rendition of this design can be seen in 
Figure 4-1. 
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Figure 4-1: Cross-linked hydrogel with functionalized growth factor  
 
Gradient Tree 
The team investigated the use of a microfluidic gradient tree to generate varying 
concentrations of growth factor. In this design, cells were exposed to varying concentrations of 
growth factor, while maintaining ease in replacing media and viewing. This design flowed 
solutions containing high and low concentrations of growth factor (represented in Figure 4-2 as 
red and white, respectively) through a series of channels to form a 1D gradient at the output. 
Previous designs typically incorporated cell chambers where cells could be seeded. Since the 
client statement specifically stated the use of 3D hydrogels, the team chose to have the gradient 
of growth factor outputs flow directly into a gel laden with cells.  
As discussed in Chapter 2, gradient trees are a proven method of creating 1D gradients. 
However, the team decided against this design because of several issues. Previous research 
(Gorgone et al, 2014) and discussion with an expert (Albrecht, 2014) revealed that flowing gel 
through the device would lead to several clogged channels. While cells were exposed to a 
progressively lower concentration in each cell culture chamber, each chamber received a 
constant concentration of growth factor. Additionally, cells in this design would be seeded in 2D, 
and would not have satisfied the client’s objective for choosing the optimal 3D culture system. 
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Even with the additional modification of the system to incorporate a 3D hydrogel, the outflow of 
the media exposed a problem to the team, as well as the consistent formation of the gradient 
across the gel. 
 
Figure 4-2: Gradient tree 
 
Gravity Diffusion 
 The team sought to improve upon the gradient tree device previously proposed, by 
creating a gel under the cell culture chambers. In this design, the growth factor would be split in 
the same way described in the gradient tree design, but the fluid would be directed down into the 
gel instead of into the cell culture chambers. In this way, cells could be seeded in a user defined 
gel, and be exposed to a gradient of growth factors across both length and width. This was 
advantageous compared to the previous design in that it incorporated a second level of gradient 
formation across the height of the gel and allowed for the multidimensional formation of the 
gradient.  
 This design faced several flaws, including an inability to design an outlet for the removal 
of the growth factors. Additionally, the team was uncertain as to the time required for the 
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gradient to form across the hydrogel, or the ability of the cells to survive within the center of the 
gel. A sketch of this design can be seen in Figure 4-3 
 
Figure 4-3: Gravity Diffusion 
 
Flow and Diffusion 
 The team sought to minimize the time required to initialize the gradient as to create a 
high throughput device. In this design, a high concentration (red) and a buffer solution (white) 
were allowed to flow across opposite ends of a 3D gel. Utilizing the natural diffusivity of 
hydrogels, the rate of gradient generation could be easily predicted as the growth factors moved 
from a high to low concentration. Although this design did not incorporate multi-dimensional 
gradient formation, it was advantageous in that the gradient could be visualized easily using 
fluorescently tagged molecules due to the small height required. Additionally, the injection of the 
solutions allowed the gradient to be supported for a long period of time. The gel would be of 
small enough size that it would not create an unreasonable lag before the creation of a steady 
gradient, and would allow cells to be encapsulated within the gels to allow for the co-culture of 
multiple cell types. A sketch of this design can be seen in Figure 4-4. 
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Figure 4-4: Flow and diffusion 
 
4.3.2: Endothelial Cell Isolation 
In order to validate the creation of the growth factor and accomplish the major objective 
of inducing cellular angiogenesis, the acquisition of the endothelial cells to be used to validate 
the formation of the gradient became a design concern. This section of the chapter discusses the 
two main alternatives available to the team for acquiring endothelial cells to evaluate cellular 
response to the generated gradient of growth factor. 
Primary cell isolation 
Originally, the team sought to isolate primary human umbilical vascular endothelial cells 
(HUVECs) from umbilical cords using collagenase to degrade the epithelial layer, and to use 
differential plating techniques to reduce the cross-contamination of connective tissue. This cell 
type has been used to much success within the relevant literature. From interviews conducted 
with Professor Reidinger, epithelial cells were known to attach to the cell plate at a slower rate 
than fibroblasts. By seeding the cells for a small amount of time (less than 5 minutes), and re-
seeding the cells the majority of fibroblastic cross contamination would be resolved. The 
effectiveness of this design was evaluated and is discussed in Section 4.5.  
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Acquiring an Immortalized Cell Line 
       As the project progressed and difficulties were encountered, the team acquiring 
Telomerase-Immortalized Microvascular Endothelial (TIME) cells for use in testing the growth 
factor gradient. TIME cells are known to maintain their normal growth rate and endothelial 
character at late passage when grown in the correct medium, and were generated by hTERT-
immortalization of neonatal foreskin microvascular endothelial cells. These cells exhibit normal 
endothelial characteristics which lends them for use in investigating aspects of endothelial cell 
biology (Venetsanakos et al., 2001). 
4.4: Conceptual Design 
In this section of the chapter, the methodology behind choosing the final design is shown, 
as well as information used to decide for or against the preliminary designs. Interviews with 
experts, information from publications and brainstorming with other team members are shown 
here to examine the reasoning behind the final design. 
4.4.1: Design Evaluation Matrix 
After investigating all of the design options further, the team chose to use a design 
evaluation matrix to evaluate the varying designs for the most optimal gradient generation 
method. The results are shown below in Table 4-1. 
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Table 4-1: Revised design evaluation matrix for gradient generation method 
 
Design 
Constraints 
Solid State 
Devices 
Gradient Tree Multilevel Cross Channel 
Between 
100-500 
Microns 
Thick 
X X X X 
Stable 
Growth 
Factor 
Gradient in 
3D Gels 
X X X X 
Transparen
t Gel 
X X X X 
Able to 
Embed 
Cells in 
Scaffold 
Prior to 
Cross-
Linking 
X X X X 
Natural or 
Synthetic 
Gel 
X X X X 
     
Design 
Objectives 
Weight 
(%) 
Score 
Weight 
(%) 
Scor
e 
Weight 
(%) 
Scor
e 
Weight 
(%) 
Score 
Introduce a 
gradient 
50 30 50 30 50 40 50 50 
3D Gel 
Formation 
15 15 15 0 15 15 15 15 
Observable 20 20 20 20 20 20 20 20 
Produce 
Angiogenesi
s 
15 15 15 15 15 15 15 15 
TOTAL 100 80 100 65 100 90 100 100 
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4.4.2: Cost Benefit Analysis 
This section of the chapter sought to highlight the varying pros and cons of the alternative 
designs in an effort to establish the design which gives the greatest benefit compared to its 
disadvantages as seen in Table 4-2 through Table 4-5. 
Table 4-2: Solid state device 
 
Advantages: Disadvantages: 
● Could be combined with previous 
hydrogels to create gradients of stiffness 
and growth factors. 
● Growth factors cannot be replenished and 
may be degraded under crosslinking 
conditions. 
 
 
Table 4-3: Gradient tree 
 
Advantages: Disadvantages: 
● The design is already prevalent, and 
effective at creating isolated 
concentrations of growth factor 
● Cells are not exposed to a growth factor 
gradient 
● Gels cannot be injected into the cell 
culture channel without serious 
modification to the design. 
 
 
Table 4-4: Gravity diffusion 
 
Advantages: Disadvantages: 
● Creates a gradient of growth factor in 
both x and y axes. 
● Allows cells to be seeded within the 3D 
hydrogel 
● Outflow is limited and could result in 
nonlinear gradient generation 
● Gradient generation may take longer than 
reasonably allowed 
 
 
Table 4-5: Flow and diffusion 
 
Advantages: Disadvantages: 
● Gradient concentration can be visualized 
easily 
● Containment of gels to the region of 
interest 
  
4.5: Decisions and Final Design Modification 
After evaluating the design alternatives, and utilizing the design evaluation matrix and 
cost benefit analysis, the team was able to choose the final design most suitable to accomplish 
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the listed objectives. The team proceeded with the flow and diffusion design, and after presenting 
the design to the sponsor, was able to proceed with some slight modifications.  
After speaking to the sponsor and Professor Albrecht, an expert in the field of 
microfluidics, the team modified their chosen design. These modifications included the insertion 
of a cell channel in the center of the device where cells could be easily injected and visualized. 
Additionally the insertion of a control channel was included to verify cellular response without 
being required to constantly run control tests. The teams final design mock-up and DraftSight 
model used in the manufacture of the gradient generator are shown below in Figure 4-5.  
 
Figure 4-5: Flow and diffusion - final design 
  
This device utilized an influx of high concentration growth factor through the right 
handed channel (shown above in red). By flowing buffer solution through the middle and left 
channels (shown in white) a gradient was created across the right handed gel, while maintaining 
a control gel across the left with no growth factor. This allowed the device to have both an 
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experimental and control gel in each device in order to verify the cellular response to the growth 
factor gradient.  
The gels were designed to be injected through the four smaller channels and held within 
the region of interest separating the center channel from the outer channels by posts. Due to the 
hydrophobicity of the glass compared to the PDMS, the gel would be constrained during the 
liquid phase, before gelling in response to increased temperature. This design also allowed for 
cells to be mixed into the gel before gelation, and cellular response from within a hydrogel could 
be visualized. The media could then be injected along with any cells into each of the larger gels 
and the hydrogels would be protected from dehydration due to the flow of media. The generation 
of the gradient is visualized in Figure 4-6 below, where high concentration is represented in blue 
and low concentration is represented as white.  
 
Figure 4-6: Final design with dimensions 
 
4.6: Feasibility Studies & Optimization 
In preparation for choosing the final design to progress with, certain studies and 
experiments were conducted to determine the feasibility and success of the proposed designs. 
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These studies included investigating methods of improving the hydrophobicity and surface 
tension of the gel channels to increase the reliability and reproducibility of the injected hydrogel.  
4.6.1: Increasing Production of Devices 
 The final design was incorporated onto a silicon wafer in a negative mold. In order to 
create a functional device, liquid PDMS had to be poured over the silicon wafer and allowed to 
cure for several hours. In order to increase the number of devices that could be produced, the 
team investigated the feasibility of using a negative epoxy mold to supplement the final PDMS 
device fabrication.  
 The team used a weigh boat filled with 15 minute setting epoxy and placed an inverted 
PDMS device within it to create the proper shape while curing. The epoxy weigh boat was 
placed within a vacuum chamber and held at 70 kPa for 25 minutes. The mold was then tested by 
removing the prefabricated device and pouring liquid PDMS back into the epoxy. The PDMS 
was allowed to cure for the standard amount of time, excised and examined under confocal 
microscopy.  
Imaging revealed that the epoxy cure time was too short to allow for the complete 
removal of all air bubbles from within the device and the features on the surface of the PDMS 
were corrupted as a result. The air bubbles trapped within the epoxy mold can be seen below in 
Figure 4-7. Additional trials were conducted with higher vacuum pressures and variations in the 
part A to B ratio of the epoxy, but eventually this trial was discontinued.  
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Figure 4-7: Epoxy mold with bubbles 
 
4.6.2: Hydrophobicity Restoration 
The team employed plasma bonding as a method of covalently bonding the devices to the 
glass slide. However, as an unintended result of the bonding, the interior of the device became 
highly hydrophilic. The containment of the gel to the region of interest between the different 
posts shown below in Figure 4-8 is highly integral to the design of the device.  
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Figure 4-8: Gel insertion after returning hydrophobicity 
  
Through testing, the team found that baking the devices for 24 hours restored the 
hydrophobicity and surface tension of the PDMS and glass. This restoration of the 
hydrophobicity is shown below in Figure 4-9 where the contact angle clearly shows the heat 
treated PDMS had a greater hydrophobicity than that of a gel left at room temperature.  
 
 
Figure 4-9: 40 µL of deionized water after PDMS heating 
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4.6.3: Seeding Method & Density 
The team investigated two main methods of seeding cells within the device. The device 
was design to allow cells to be injected by suspending them within a media and injecting them 
into the center channel. This method allowed the cells to settle to the bottom of the device and 
adhere to the glass slide forming a 2D monolayer. The team investigated multiple confluences of 
cells to seed within the device, and decided upon 5 million cells per milliliter, after showing that 
this put an acceptable number of cells in contact with the region of interest. 
In addition to seeding the cells within the center channel, the team investigated 
suspending the cells within the hydrogel while inserting it into the region of interest. The team 
discovered empirically that 5 million cells per milliliter was too confluent for Matrigel and 
resulted in the gel spilling into the side channels, however 2.5 million cells per milliliter was 
sufficient in providing cells to elicit a response while sustaining the proper surface tension within 
the device.   
4.6.4: Hydrogel 
 The team investigated two methods of creating a hydrogel barrier between the fluid 
channels. First, PureCol EZGel (Advanced BioMatrix #5074-G) collagen gel was injected and 
visualized via confocal microscopy to determine the approximate time to gelation. Between 
images, the device was kept within an incubator at 37oC. PureCol EZGel was shown to require 
90+ min to begin to gelatinize, with incomplete gelation as late at 3h post injection. 
In an attempt to increase the throughput of the system, the team sought to use Matrigel 
(Corning #354320) collagen and laminin hydrogel. Matrigel was known to gel in approximately 
10 minutes at room temperature. Upon injection into the device, it had a significantly quicker 
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gelation time, giving the operator a 5-10 minute window from which to flow media to stabilize 
the dehydration of the gel.  
4.6.5: Delivery Systems 
 The team investigated multiple methods of delivering the media laden with VEGF and 
buffer solution to the device. The first method investigated was the use of a hydrostatic pressure 
system. This system is shown below in fig #, and relied upon the high differential between the 
bottom of the syringe and the inlet of the device. The spent media would then be removed from 
the system by an outflow tube which would flow the excess into a collection area at the bottom 
of the box as seen in Figure 4-10.  
 
Figure 4-10: Hydrostatic pressure system 
 
This system was not ideal due to several key failings. Firstly, the device delivered fluid at 
such a high rate that cells were being detached from the glass slide, resulting in low cell viability. 
Additionally, as a requirement of the design, the syringes holding the media were required to be 
open to the atmosphere and often resulted in contamination of the device. In an effort to address 
the fluid flow and contamination issues, the team investigated a closed-throughput system.  
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The second system investigated was the use of a syringe pump. This system utilized a 
commercially available syringe pump to flow media through the system in a similar, although 
much more controlled way. However, this system also experienced issues; due to the high 
compliance in the system and the small window in the gelation time before the Matrigel had 
degraded due to dehydration. Additionally, the lowest flow rate the syringe pump could support 
was still too high to facilitate proper cell viability. This system can be seen in Figure 4-11. 
 
Figure 4-11: Syringe pump flow system 
 
The last system investigated by the team was the direct placement of a droplet of 65 µL 
of media onto the device. This design was advantageous in that it generated sufficiently small 
amount of mechanical stress to allow good cell viability, while also creating a small profile 
within the incubator, allowing for multiple experiments to be conducted in concert. Lastly, the 
ability to place the device within a petri dish allowed the team to maintain sterility for a much 
longer period of time compared to the previous two methods. This can be seen in Figure 4-12. 
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Figure 4-12: Droplet addition system 
 
4.6.6 Cell Types 
As mentioned in the previous section, the team sought to isolate human umbilical 
vascular endothelial cells (hUVECs). Due to limitations in the quantity of umbilical cords able to 
be acquired, the team used animal aorta as a model to verify primary cell isolation as a feasible 
method of acquiring epithelial cells, before progressing to human umbilical veins. The animal 
aortas studied included sheep and pig aortas. To determine the optimal concentration of 
collagenase and time of exposure the team used empirical methodology to remove and isolate the 
desired cells. The arteries were clamped at one end, filled with collagenase, and clamped again 
and shaken for a specified amount of time. A full isolation protocol is available in Appendix D. 
The team eventually discontinued this primary cell isolation protocol in favor of acquiring an 
established cell line.   
Human Glioblastoma Multiforme (A172) cells were a green fluorescence tagged cell that 
was used primarily for validation purposes. These cells were shown to fluoresce green if alive 
and clearly show cell viability without the need staining within the microfluidic device. 
Telomerase-Immortalized Microvascular Endothelial cells are an established cell line 
which were much more readily available and easily maintainable than their primary counterparts. 
As such the team moved forward with using these cells as methods of inducing angiogenesis.  
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Chapter 5 - Design Verification  
This chapter presents the project's findings and tests of designs not included in the design 
verification section of the previous chapter. The design of this project incorporated multiple 
components, and the results from each validation and experiment are presented in the order by 
which they were conducted.  
5.1: Gradient Validation 
To validate the proper formation of the growth factor gradient across the experimental 
hydrogel, the team used fluorescein isothiocyanate (FITC) tagged bovine serum albumin (BSA) 
to model the diffusion profile of VEGF. The BSA molecule had a molecular weight reasonably 
close to that of VEGF (65kDa to 38.2kDa, respectively), which allowed it to be an approximate 
substitute for VEGF for imaging purposes. The FITC-tagged BSA was added to the right 
channel, while DPBS (-), which is non-fluorescent, was added to the center and left channel to 
simulate the different growth factor concentrations. The device was imaged for several time 
points and the images were analyzed in ImageJ for the intensity of light seen throughout Figure 
5-1. 
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Figure 5-1: Images and graphs showing fluorescent gradient formation. (a, b) 5x Magnification of FITC tagged BSA Gradient - 
3min. (c, d) 5x Magnification of FITC tagged BSA Gradient - 5min. (e, f) 5x Magnification of FITC tagged BSA Gradient - 12hr 
pre media exchange. (g, h) 5x Magnification of FITC tagged BSA Gradient - 12hr post media exchange 
 
After 3 minutes the gradient was seen to begin to form in the right hand gel (Figure 5-1a 
and b), and continued to be seen at later time points (Figure 5-1c and d). At 12 hours the gradient 
was visually seen to spread to the center channel and control gels. This visual cue was confirmed 
with ImageJ intensity analysis (Figure 5-1e and f). 
At this time point (t = 12h) the media was exchanged, and replacement media was 
injected into each of the wells (Figure 5-1g and h). Immediately following media replacement, 
the device was imaged. The gradient returned to a sharp slope across the experimental gel 
without remaining within the remainder of the device. The graphs of the fluorescent gradient 
were compiled together into Figure 5-2, seen below.  
 
 
 
A 
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Figure 5-2: Compiled graphs of normalized fluorescent values 
 
5.2: Cell Viability 
Cellular viability of cells seeded within the device was validated through two 
experiments. First, Actin-GFP-labeled A172 human glioblastoma multiforme was fixed using 
methanol-free formaldehyde to determine the length of time required to extinguish GFP 
fluorescence. Second, the GFP-labeled A172 cells were placed directly into the center cell 
channel in 2D and suspended in a 3D hydrogel. The cells were then imaged under fluorescence 
microscopy until GFP had been completely extinguished. 
5.2.1: Live dead assay 
The first experiment in validating the cell viability within the device was determining the 
length of time required for the extinguishing of fluorescence post cell death. Cells were seeded in 
a 90 well plate in 3D PureCol EZ Gel and DPBS (-) and visualized for 53 hours. Controls were 
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established with one DPBS (-) well was fixed with methanol-free formaldehyde, and another 
well with only complete media. Propodeum iodide (PI), shown in red, was used to stain dead 
cells, while live cells were left unstained. By comparing the pairing of red and green 
fluorescence the team could visually identify the numbers of dead cells within the environment, 
as well as identify when cells died and extinguished their internal green fluorescence. 
 The cells were imaged over a 52 hour timeline, with propodeum iodide added to the 
separate wells at each time point to identify cellular death for that time point. The seeded wells 
were imaged at t = 0h to validate any changes from initial. Cells were not expected to die before 
the 12 hour time point, so imaging trials began at t = 12h, and continued until t = 52 hours post 
seeding. Cellular death was observed at t = 27h, and propodeum iodide was up taken into the 
cells and began to fluoresce in response to Rhodamine stimulation. At t = 52h, the cells were 
imaged again, and it was seen that GFP expression was almost completely extinguished, with 
intensity only stemming from background noise. The negative control was fixed with methanol 
free formaldehyde at t = 24h and imaged at 27h, 33h, and 52h. Cellular fluorescence was seen in 
wells until the 52-hour time point, 28 hours post cell death (Figure 5-3).  
 
Figure 5-3: Formaldehyde fixed control at t = 27h, Left: Rhodamine, Right: FITC & Rhodamine 
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After showing GFP expression in cells until 24 hours post death, the team investigated 
the ability of cells to adhere and remain viable within the device. GFP-labeled A172 cells were 
again used to validate this cell viability and were seeded at concentrations of 5 million cells per 
milliliter within the center channel. Cells were seeded within the center channel and shown to 
remain fluoresce beyond the 24 hour window. Figure 5-4 below shows A172 cells expressing 
green fluorescence at 34 hours post seeding. 
 
Figure 5-4: A172 FITC 5x magnification at t = 34 hr 
 
In addition to seeding the cells within the center channel, the viability of cells seeded 
within a 3D Matrigel network was investigated as well. Again green fluorescent images were 
taken, and cellular expression was seen beyond 4 days within the device. Additionally, the cells 
were constrained within the gels for this entire period of time. Cellular fluorescence four days 
post seeding is shown below in Figure 5-5. 
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Figure 5-5: 5x magnification of Actin-GFP stained A172 in Matrigel at t = 4 days 
 
5.3: Inducing Cellular Chemotaxis 
Once the device's gradient formation and ability to maintain cell viability were 
determined, final experiments were conducted. . The final experiments resolved around inserting 
Matrigel hydrogels into the gel channels and TIME cells (5x106 cells/ml) into the center channel. 
VEGF -rich media was flowed through the right media channel and VEGF-devoid media through 
the center and left channel. The best result can be seen in Figure 5-6 and Figure 5-7 . 
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Figure 5-6: 5x magnification TIME cells at 5x106 cells/mL at 16 hours post-seeding. Red arrows indicate cell monolayer 
 
 
After 16 hours a layer of cells can be observed on the hydrogels on the right side of the 
device. This same layer cannot be seen on the left side of the device. Gel infiltration can also be 
observed in the gel. At the 17 hour mark the infiltration was more closely observed.  
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Figure 5-7: 10x magnification of TIME cells at 17 hours post seeding 
 
Using ImageJ to analyze how far the cell infiltrated the gel it was determined the cell had 
gone 214 micrometers into the gel (Figure 5-7). This can be assumed to be due to the VEGF 
because no infiltration was observed on the left hydrogel.  
5.4: Co-Culture of TIME Cells with Primary Fibroblasts 
In an attempt to replicate the earlier results, the team sought to co-culture TIME cells 
with human primary fibroblasts. The TIME cells were seeded within the center channel, while 
the fibroblasts were seeded within the hydrogel where they would be able to support any 
angiogenesis which might occur. However, due to complications such as issues with the surface 
tension of the gel changing, as well as variations in the quality of Matrigel acquired, this line of 
experimentation, while strenuous was unsuccessful within the designated timeframe of this 
project. 
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Chapter 6 - Discussion 
This chapter places the results in the context of previous work and shows the unique 
progress that this research has made. Each of the results is discussed separately, and in the same 
manner by which they were presented in the previous chapter. Lastly, this chapter shows that the 
project team has accomplished all the project objectives and constraints listed and compares the 
similarities in results found with other research in the field.  
6.1: Gradient Validation 
In this project a method of creating a gradient of a desired molecule in a 3D hydrogel was 
developed. This gradient was observed and characterized using fluorescently tagged bovine 
serum albumin (BSA) protein, and then analyzed with ImageJ software. Since the FITC-BSA has 
a molecular weight similar to VEGF, it is safe to assume that VEGF gradient would follow the 
same gradient pattern. At 3 minutes the gradient first became visible as the BSA molecule 
diffused into the Matrigel. At five minutes, the gradient was shown to be stable, and the first of 
the objectives, generating a stable gradient of growth factor within a reasonable time was 
accomplished. The success of this device in creating a reliable gradient allows for an easy way of 
testing how different gradients affect cells.   
The team also investigated the maintenance of the gradient to examine when the BSA 
molecule would begin to diffuse into the center channel or control gel. This was conducted in 
order to ascertain when the media would have to be replaced to ensure a steady gradient across 
the experimental gels without inadvertently influencing the cells within the center channel or 
control gels. From the results presented, it was visually shown that the fluorescent molecules had 
begun to spread into the remainder of the device. This was confirmed with ImageJ analysis, and 
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it was decided that 12 hours was the maximum time period VEGF could be allowed to remain in 
the device before beginning to achieve steady state.  
Following the imaging of the device at the 12 hour time point, it was decided that the 
media was to be replaced in order to return the system to its original gradient formation. 
Following media change, the device was immediately imaged and showed a return to the original 
3 minute gradient value, without maintaining a high intensity value across the center channel or 
control gels. This appears to indicate that replacing the media by micropipette at 12 hour 
intervals establishes a maintainable gradient across the experimental gel without allowing undue 
infiltration into the remainder of the device.  
6.2: Cell Viability within Device 
Cellular viability within the device was investigated in two distinct experiments. Firstly, 
the team used GFP-labeled A172 human glioblastoma multiforme cells to validate cellular 
viability. Thus the first experiment investigated the length of time required for the extinguishing 
of fluorescence following cell death in order to ascertain the relationship between GFP 
fluorescence and cellular viability. The second experiment directly inserted the same GFP-A172 
cells into the device, both in the center channel and suspended within a 3D hydrogel. 
6.2.1: Live-Dead Assay 
The team investigated the length of time required for GFP-labeled A172 to extinguish 
florescence following cellular death. This was accomplished through fixing cells via non-methyl 
formaldehyde, and subsequently staining with a live-dead stain of propodeum iodide. A control 
group of cells suspended in complete media was used as a control and stained at the same time. 
The experiment was continued for 52 hours, and by comparing the pairing of red and green 
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fluorescence the team could visually identify the numbers of dead cells within the environment, 
as well as identify when cells died and extinguished their internal green fluorescence.  
This experiment showed that the GFP-labeled A172 cells expressed fluorescence for up 
to 24 hours post cell death. This finding was validated through both methanol-free formaldehyde 
fixing of the cells as well as by starving the cells of nutrients by seeding them within Dulbecco's 
Phosphate Buffered Saline without calcium and magnesium (DPBS (-)). In both experiments 
cells were shown to extinguish fluorescence 24 hours post death. From this finding it could be 
assumed that any time points of A172 cells imaged after 24 hours within the device would show 
cellular adhesion and viability within the device.  
6.2.2: Cell Viability within Device 
From the previous live-dead assay it was shown that GFP-tagged A172 cells extinguish 
expression of green fluorescence 24 hours post death. In this experiment, cells were seeded 
within the center channel in 2D and suspended in Matrigel. Imaging revealed that the A172 cells 
continued to fluoresce beyond the 24 hour mark and up to 4 days when suspended in Matrigel. 
This indicated that cells were able to attach to the glass slide and remain viable under the 
conditions designed. This experiment validates that our device design accomplishes the second 
major objective, and allows for cellular viability within the device for an extended period of 
time.  
6.3: Inducing Cellular Chemotaxis 
After proving that cellular viability was possible within the device, the team began 
seeding Telomerase-Immortalized Microvascular Epithelial (TIME) cells within the center 
channel. After 16h of gradient exposure, cells were shown to form in a monolayer across the 
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experimental gel, without responding in a similar manner to the control gel. This indicated 
specific cellular reaction to the formation of the growth factor gradient.  
At 17 hours, the cell were again imaged at 10x magnification and cellular infiltration into 
the Matrigel was shown to have occurred. Again this chemotaxis was not repeated within the 
control gel. Cellular infiltration was seen to occur to a depth of 214 µm, and was promising had 
the experiment been able to continue. Unfortunately the device was contaminated when next 
imaged, and further results were lost. As a result of this contamination, it was discovered that no 
antibiotic had been incorporated into the culture of the TIME cells. However, this chemotaxis 
could not be replicated due to complications concerning the generation of microfluidic devices as 
well as proper gel formation due to non-optimal Matrigel batches gelling before their expected 
times. While sub-optimal, these results did show the achievement of the final major objective of 
this report; generation of a visible and measureable cellular response specific to the growth factor 
gradient. 
6.4: Co-Culture of TIME Cells with Primary Fibroblasts 
The co-culturing of TIME cells and human primary fibroblasts was promising after the 
initial cellular chemotaxis. However, it was seen that the addition of cells into the hydrogel often 
reduced the surface tension of the gels and would result in gels which expanded beyond the 
region of interest into the remainder of the device. Additionally, the gels would not stabilize in 
predicable ways and would require varying times to gelation, complicating attempts to replicate 
the previous results. Lastly, due to variations in purchased Matrigel, the gels were found to begin 
gelling before even entering the device, and this line of experimentation had to be discontinued.  
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6.5: Economic Impact 
This device is advantageous in that it could reduce the cost of testing, as only a few 
hundred microliters of media are needed at a time. Since every component is on the micro level 
less material is needed to run tests, saving money in the short term and over a large period of 
time allows more tests to be performed. This could potentially expedite the development of novel 
drugs and technologies. If this assay were to become popular enough, it could have a negative 
impact on other manufacturer's sales. 
6.6: Environmental Impact 
The use of this device allows for in vitro testing without disposing of tissue culture plates. 
While some materials still need to be disposed the environmental impact of less plastic is still 
significant. However, our device incorporates cells within the PDMS mold, and therefore must 
be disposed of as biohazardous waste.  
6.7: Societal Influence 
This design could be useful in investigating the potential creation of vasculature for 
application in wound healing. However, this is technology which is still currently unreachable, 
and as such this device should have minimal impacts upon society. 
6.8: Political Ramifications 
The development of this device would have minimal impact on the local market outside 
of those interested in research. As such it is also unlikely to affect the global market, and would 
not likely offer sufficient completion against large established companies. As a result of these 
minimal economic impacts, this device is likely to have minimal political ramifications.  
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6.9: Ethical Concerns 
As well as affecting how research is done economically it is also reasonable to assume 
that ethical this method could change how experiments are carried out. Normally, animal testing 
gives a much superior representation of how the human body would react to a drug or chemical 
over 2D or traditional 3D testing. However with the addition of a chemical gradient more 
translatable results can be obtained. While still not as indicative of the human body as animal 
models, this method and device could reduce the amount of animals used In vivo. If fewer 
animals are needed for testing ethically less animals should be used. 
6.10: Health and Safety Issues 
As well as being cheaper to use and reducing the need for animals, the extremely small 
amounts of materials needed for testing makes the device safer than traditional methods. Since 
less material is used if a toxic chemical was included in the test less of it would needed, leading 
to less exposure to said chemical and making everyone involved safer. 
6.11: Manufacturability 
Manufacturability is possible with this project. While manufacturing the device with cells in it is 
impractical, adding gels and submerging the device in a buffer should be achievable. By selling 
each device separately to researchers without the means of creating their own microfluidic 
devices profit could be generated. Initial startup costs would include a plasma bonder at roughly 
5,900 USD (Plasma Etch, http://www.plasmaetch.com), the photomask used to make the mold at 
95 USD (Photoplotstore, http://www.photoplotstore.com), the wafers to make the mold out of 
with the photoresist material at 80 USD (Gersteltec Engineering Solutions, http://gersteltec.ch), 
and bulk PDMS and glass slides around 65 USD (Sigma Aldrich, http://www.sigmaaldrich.com 
and Electron Microscopy Sciences, http://www.emsdiasum.com). 
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This leaves a 6,075 USD starting cost. If each device were sold for 3 dollars it would take 
2,025 devices sold to break even before accounting for the cost of operations such as staff, 
facilities, and resupplying materials. While this seems like a large number anyone who would 
use this device would need at least 3 to verify their results. While 3 devices is the minimum of 
what they would need more than likely the researcher would want as many devices as they could 
afford to be certain their experiment was a success. Selling the devices at 3 dollars apiece in 
bundles of 5 devices means only 405 separate customers are needed to make up the initial cost of 
investment. 
6.12: Sustainability 
This device can be produced using any form of energy. As well as this, most of the more 
expensive parts of the production such as the plasma bonder and wafer are reusable and the 
components that are not reusable are common lab materials such as glass or PDMS. However, 
each device is only designed for a single use, which while useful as a method of maintaining 
sterility and reducing cross contamination, reduces the length of time the device can be used for. 
Additionally, once the Matrigel is inserted into the device, careful consideration must be made to 
ensure that the hydrogel does not dehydrate and degrade. Therefore there must always be an 
amount of media within the device. Lastly, media must be exchanged every 12 hours to maintain 
a steady gradient, which can limit its applications.   
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Chapter 7 - Final Design and Validation 
This chapter discusses the final design, including fabrication, hydrogel injection, cellular 
injection, monitoring and imaging. Additionally, the methods of validating the formation of the 
gradient are discussed along with validating cellular viability within the system. This chapter 
provides detailed information for the accurate reconstruction of the project. 
7.1: Fabrication of Devices 
 After generating the device design through DraftWorks and supplying the CAD drawing 
to a silicon wafer manufacturer, production of PDMS molds began. A 1:10 solution by weight of 
siloxane and a curing agent were mixed to form a PDMS solution. The solution was poured over 
the silicon wafer and placed in a vacuum chamber for 15 minutes at 70 kPa, or until all bubbles 
had been removed from the PDMS solution. The wafer and PDMS were then baked in a 60 °C 
oven for 2-3 hours. After baking, the PDMS is removed from the oven and allowed to rest for 5 
minutes to cool and set. The PDMS, now having fully cured, is cut away from the wafer using a 
scalpel or razor. The individual design is then removed from the remainder of the PDMS using a 
razor and plasma bonded to a glass slide. The plasma bonding treatment covalently links the 
feature side of the PDMS to the glass slide to create the desired microfluidic channels. However, 
this treatment removes the hydrophobicity of the surface, which requires the baking of the 
devices for 24 hours. After baking the devices can be stored for 2-3 days at 4°C.  
7.2: Cell Density within Device 
 To determine the volume of liquid to be placed within the chamber, the following 
calculations were performed. First, the volume of the cell chamber was calculated from the 
following dimensions: 
1 𝑚𝑚 ∗ 17 𝑚𝑚 ∗ 0.125 𝑚𝑚 = 2.125 𝑚𝑚3 = 2.125 µ𝐿 
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The volume of the fluid reservoir was added: 
1.455 𝑚𝑚 ∗ 22 𝑚𝑚 = 13.3 µ𝐿 + 50 µ𝐿 (𝑓𝑜𝑟 𝑡ℎ𝑒 𝑑𝑟𝑜𝑝𝑙𝑒𝑡 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) = 63.3 µ𝐿 
To achieve final volume of about 65µL 
 Through empirical data shown in Section 4.6, the team chose to plate cells at a density of 
5x106 cells/mL. Using the plating density and volume of the chamber, this showed a density of: 
5𝑥106 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 ∗  1.2125 µ𝐿 = 1025 𝑐𝑒𝑙𝑙𝑠 
within the region of interest between the two gels. This was seen to provide enough cells in 
contact with the gel interface to provide reasonable experimental results. 
7.3: Gradient Validation 
The formation of the gradient was visualized through the use of a 67 kDa GFP tagged 
bovine serum albumin (BSA) protein. The protein was inserted at a 100% concentration (10 
µg/mL) along the right channel and allowed to diffuse through the experimental gel. Buffer 
solution containing no fluorescent proteins was allowed to flow through the middle and left 
channels. The device was imaged from 3 min until 12 hours post introduction of the BSA.  
Intensity values were collected from the combined images through ImageJ's "Plot 
Profile" command. This command transferred all the pixel's color values and varied them from 
their intensity from pure black. Since this was a monochromatic image, pure black was known to 
represent 0% concentration of fluorescent BSA, while the highest intensity was known to 
correlate to a 100% concentration of BSA. The intensity data was then graphed using Excel and 
graphed to provide a comparison between the different values. 
Due to the known length of the features within the device, the length of each image was 
normalized by setting a specific number of pixels equal to the known length of a feature (i.e. 100 
pixels = 10 um). From this, the pure black edge of the device could be differentiated by the 
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surrounding matrix by counting the number of pixels from the high concentration edge. Lastly 
the intensity values were normalized in order to provide the best possible comparison between 
differences in replacement media droplets through the following equation: 
(1 −
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
𝑚𝑎𝑥𝑖𝑚𝑢𝑚
) ∗ 100 
7.4: Cell Viability 
To test the functionality of the device, A172 GFP-tagged glioblastoma multiforme was 
used to verify cell survival within the device. This cellular survival was shown through 
continued fluorescence over a four day trial period. Through our validation studies it was shown 
that deceased cells extinguished their fluorescence within 24 hours of expiring. Cells were 
seeded in both 2D in the center channel, as well as suspended within Matrigel in each of the four 
gel channels. 
7.5: Test of Design with Matrigel and Cells  
 As discussed in section 4.6, the team fully assembled the devices through plasma 
bonding, and restored hydrophobicity of the glass slide through baking of the device for 24 hours 
at 60°C. Once heat-treated, the devices were cooled and stored at 4°C overnight. Matrigel was 
taken in a 1mL aliquot from the -20°C freezer and thawed at 4°C for the same period of time. 
After thawing, the device and Matrigel aliquot were removed from the 4°C cooler and stored on 
ice. 20 µL of Matrigel was inserted into each of the gel channels using a P200 micropipette 
under a 5x microscope. The Matrigel was incubated at room temperature for 5-10 minutes before 
basal media and media laden with VEGF at a concentration of 5 ng/mL were inserted into the 
two side channels. 65 µL of each media were inserted into the wells and allowed to flow through 
the device using hydrostatic pressure. Lastly, cells were counted and seeded within the center 
- 65 - 
 
channel at a density of 5x106 cells/mL within 65 µL of basal media. The initial seeding can be 
seen in Figure 7-1. 
 
Figure 7-1: 5x magnification of TIME cells at 5x106 cells/mL after initial cell insertion 
 
The cell solution was allowed to attach for four hours within the incubator. After this 
period of time, basal media is flowed over the cells to remove non-adherent or dead cells. The 
device was then placed within a petri dish to maintain sterility as much as possible and left 
within the incubator, and only removed to image the cells or replace the media. Additionally, 
1mL of sterile water was placed in the bottom of the petri dish to ensure minimal evaporation of 
the media. The media was exchanged on a 12 hour basis, by setting the P200 micropipette to 65 
µL and withdrawing as much remaining media as possible. The bubble was then reformed by 
reinserting 65 µL of media back into the well, being careful to keep the VEGF on the correct side 
of the device.  
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7.6: Final Design Discussion 
The final design was successful in generating and validating a growth factor gradient and 
inducing cellular response without being replicated across a control within the same device. 
However, there are multiple issues which remain with this design which must be addressed 
should this design be continued in the future. In particular, the loading of cells into Matrigel is 
highly dependent upon the batch of Matrigel used. In many cases, the Matrigel was seen to be 
too viscous, even after being properly cooled and would gel prior to reaching the region of 
interest within the gel channel. Additionally, the testing of the formed monolayers for epithelial 
cell markets specific to vascular systems should be investigated. Overall, while this design was 
successful in the stated objectives, we believe that there remains room for improvement which 
could result in increases in scientific understanding of angiogenesis.   
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Chapter 8 - Conclusions and Recommendations 
This chapter briefly summarizes the findings of this project, the conclusions drawn from 
them, and the recommendations for further improvement. 
8.1: Conclusions  
From the results of our experiments, the device was seen to create a stable, repeatable 
gradient that induced the chemotaxis of endothelial cells up a VEGF gradient. It is believed that 
this device would be a useful tool to study the impacts of gradients on cells that are not yet 
characterized using any number of factors within the body (e.g. hormones, proteins, etc.). 
Typically in vitro assays investigate either a presence or an absence effect of a chemical 
upon cells. This project shows that it is important to also study cells under a gradient of 
concentrations in between completely absent and completely present. As discussed earlier, there 
are many concentration gradients that are prevalent throughout the body, and this device can be 
used to mimic this environment in vitro. This will allow for more detailed studies to help 
understand the integral parts of processes such as fetal formation, wound healing, or nerve 
regeneration. The device produced in this project can facilitate further understanding of cellular 
responses and provide a new avenue of researching how gradients in the body work. 
8.2: Recommendations 
In order to build upon the achievements of this project, there are a few recommendations 
for future work with this device. The microfluidic design, while completing the objectives it was 
designed for, could be improved to increase the success rate of the gels injected into it. This 
could be completed by increasing the width of the interior gel posts or decreasing the distance 
between them to increase the surface tension. Additionally, the use of a 2D coating could 
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increase the cellular adherence to the glass slide. Together, these two changes could increase the 
successful creation of the devices and improve the cellular viability within them.  
The sterility of the devices was a major issue with the device due to the fact that the gel 
and cells needed to be inserted under a microscope. There were no microscopes in the laboratory 
that allowed for a completely sterile environment, so the device was not able to be completely 
contamination-free for extended periods of time. By using more sterile methods for gel insertion, 
such as using a microscope in a sterile room or hood or by developing a new method that would 
not require imaging during input, it would be possible to reduce the risk of contamination and 
increase the efficiency and lifespan of the device. 
Currently, this research has been limited to the cell lines and growth factor that were 
available. Experimentation could be further applied to different cell types that are in gradient 
environments in the body. For example, testing nerve growth factor with nerve cell lines could 
lead to discoveries of how to induce neuronal growth. A cocktail of different growth factors 
could also be used to study their effects on wound healing for different cells in the body, as well 
as for researching stem cell and fetal development. Research in these areas could lead to 
important discoveries for degenerative diseases, traumatic injuries, and embryonic development. 
This device could also be used in a variety of drug testing experiments. The effects of 
drugs at different concentrations could be studied in-depth, which can help with pre-clinical trials 
for seeing effects on the body's cells. The device could also be used to simulate certain situations 
within the body for treatment, such as producing vascularization into a culture of tissue cells to 
the testing of anti-angiogenic chemotherapy drugs.  
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Appendices 
Appendix A – Additional Gradient Validation Images 
Included in this appendix is the other graphs and images associated with the gradient 
validation test discussed in Chapter 5 
 
 
Top: 5x Magnification of FITC tagged BSA Gradient - 10min.  
Bottom: Graph of grey value analysis 
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Top: 5x Magnification of FITC tagged BSA Gradient - 30min. Bottom: Graph of grey value analysis 
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Appendix B – Gelatin Adherence Experiment 
The following information was initially part of the project however as the overall goals 
evolved it lost its pertinence.  
To test if cells would adhere to gelatin a preliminary test was run. Gelatins of different 
concentrations and NIH3 cells were plated on an 18-well plate. In addition to plated different 
concentrations of gelatin different volumes of gelatin were plated as well. The compositions of 
the gels are listed in the table below. 
 
Ratios of 10 % gelatin to 10 % MTG 
Final Gel 
Concentration 
10 % 
Gelatin 
10 % mTG 
Complete 
Media (5x) 
FBS (10% final 
concentration) 
PBS (To Fill) 
1% 1 mL 0.8 mL 2 mL 1 mL 5.2 mL 
2% 2 mL 0.8 mL 2 mL 1 mL 4.2 mL 
4% 4 mL 0.8 mL 2 mL 1 mL 2.2 nL 
6% 6 mL 0.8 mL 2 mL 1 mL 0.2 mL 
  
The only quantities of reagents that were changed were the 10% gelatin and PBS. The 
amounts of 10% MTG, complete media, and FBS remained constant. After making the gelatin it 
was plated in a standard 18-well plate. Two 18-well plates were created, one containing 200 µL 
of gelatin in each well and another with 400 µL of gelatin in each well. The gel concentrations 
were plated as followed with all wells in row C not having gels and serving as a positive control.  
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Diagram of 18- well plate with gelatin 
  
Over roughly two weeks cell counts were collected of each well. First data on the total 
amount of cells that grew on 200 and 400 µL of gel was compiled below. 
 
Cell counts on 200 µL gel 
Cell Well 
24-Oct-2014 
(total cells) 
29-Oct-2014 
(total cells) 
3-Nov-2014 
(total cells) 
7-Nov-2014 
(total cells) 
Average Cell 
counts 
1A (1%) 17500 152500 377500 135000 170625 
1B (1%) 7500 45000 277500 175000 126250 
1C (1%) 12500 157500 252500 145000 141875 
2A (2%) 10000 125000 417500 65000 154375 
2B (2%) 12500 147500 200000 135000 123750 
2C (2%) 15000 162500 345000 147500 167500 
3A (4%) 10000 222500 345000 240000 204375 
3B (4%) 5000 195000 165000 317500 170625 
3C (4%) 10000  227500 192500 143333 
4A (6%) 15000 167500 177500 155000 128750 
4B (6%) 10000 200000 215000 207500 158125 
4C (6%) 5000  61000 110000 241666 
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Cell counts on 400 µL gel 
Cell Well 
24-Oct-2014 
(total cells) 
29-Oct-2014 
(total cells) 
3-Nov-2014 
(total cells) 
7-Nov-2014 
(total cells) 
Average Cell 
counts 
1A 2500 2500 47500 207500 65000 
1B 7500 140000 180000 232500 140000 
1C 7500 140000 232500 110000 122500 
2A 7500 0 0 570000 144375 
2B 15000 5000 2500 102500 31250 
2C 5000 145000 125000 97500 93125 
3A 12500 72500 155000 467500 176875 
3B 7500 40000 170000 15000 58125 
3C 12500 152500 142500 0 76875 
4A 17500 100000 147500 122500 96875 
4B 10000 202500 170000 152500 133750 
4C 2500 200000 107500 252500 140625 
  
The greatest number of cells was seen on 4% gelatin. However the lowest amount of cells 
was also found on 4% gelatin. There is much more variance in the data using 400 µL of gelatin. 
This variability in the data makes it hard to compare 200 µL of gelatin to 400 µL of gelatin. To 
get around this, tables were constructed for each gel concentration. 
 
1 % gelatin data 
1% gelatin 
24-Oct-2014 
(total cells) 
29-Oct-2014 
(total cells) 
3-Nov-2014 
(total cells) 
7-Nov-2014 
(total cells) 
Average Cell 
counts 
200 microliters 
gelatin 
17500 152500 377500 135000 
148437 
7500 45000 277500 175000 
400 microliters 
gelatin 
2500 2500 47500 207500 
102500 
7500 140000 180000 232500 
  
Using this table it is easier to see more cells grew on 200 µL of gelatin. At 1% gelatin the 
gel never fully hardened. It is possible cells were able to attach to the tissue culture plastic 
beneath the gel in the 200 µL which could explain why about 45,000 more cells were able to 
grow in these wells.  
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2% gelatin data 
2% gelatin 
24-Oct-2014 
(total cells) 
29-Oct-2014 
(total cells) 
3-Nov-2014 
(total cells) 
7-Nov-2014 
(total cells) 
Average Cell 
counts 
200 microliters 
gelatin 
10000 125000 417500 65000 
139062 
12500 147500 200000 135000 
400 microliters 
gelatin 
7500 0 0 570000 
87812 
15000 5000 2500 102500 
  
The 2% gelatin had a larger difference in cell growth (roughly 50,000 cells) between the 
200 µL and 400 µL plates. At 2% gelatin the gel was significantly harder though it was still 
possible that at 200 µl the cells managed to attach through the gel to the plastic underneath.  
 
4% gelatin data 
4% gelatin 
24-Oct-2014 
(total cells) 
29-Oct-2014 
(total cells) 
3-Nov-2014 
(total cells) 
7-Nov-2014 
(total cells) 
Average Cell 
counts 
200 microliters 
gelatin 
10000 222500 345000 240000 
187500 
5000 195000 165000 317500 
400 microliters 
gelatin 
12500 72500 155000 467500 
117500 
7500 40000 170000 15000 
  
The largest difference between the 200 µL and 400 µL wells can be seen in the 4% 
gelatin (70,000 cells). At 4% gelatin the gel completely hardened. Also the 200 µl well showed 
the highest average cell count of all the wells. 
  
 
6% gelatin data 
6% gelatin 
24-Oct-2014 
(total cells) 
29-Oct-2014 
(total cells) 
3-Nov-2014 
(total cells) 
7-Nov-2014 
(total cells) 
Average Cell 
counts 
200 
microliters 
gelatin 
15000 167500 177500 155000 
143437 
10000 200000 215000 207500 
400 
microliters 
gelatin 
17500 100000 147500 122500 
115312 
10000 202500 170000 152500 
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At 6% gelatin the smallest difference between the 200 µL and 400 µL wells can be seen 
(roughly 28,000 cells). The gels at this concentration set much faster than the other gels (as 
opposed to taking a few hours this concentration set in minutes).  
When comparing all wells the 4% gelatin wells showed the most cell growth at 200 µL 
and 400 µL volumes. From this experiment we can conclude NIH3 cells grow best on 4% gelatin 
and using that knowledge we can safely assume other cells will also grow best on 4% gelatin.  
 
  
- 79 - 
 
Appendix C – Primary Endothelial Cell Isolation 
Included is the protocol used for primary endothelial cell isolation 
Collagenase Experiment #1 – Chicken degradation 
 Collagenase strength reduced from 1000 U/ml to 100 U/ml and placed in freezer in 1 mL 
aliquot 
 
Collagenase Concentration 
(U/mL) 
Collagenase Volume (µL) PBS (mL) 
0.3 10 33.29 
0.6 20 33.28 
1.5 50 33.25 
3 100 33.2 
 
 12 g of Price Chopper chicken for each concentration (0.3, 0.6, 1.5, and 3.0 U/mL 
collagenase in PBS, seen above) 
 Use forceps to shred chicken from Price Chopper. 
 Add shredded chicken to 33 mL collagenase in 100 mm non-TC dishes and incubate with 
agitation for 30 minutes at 37oC 
 Observe solution and chicken under light microscope 
 
Collagenase experiment #2 – Rat Lung isolation and growth 
 Lungs isolated from 3 y/o female retired breeding rat 
 Use 15 mL of 0.3 U/mL collagenase prepared as in Collagenase Experiment #1 
 Use forceps and surgical scissors to shred lung tissue in 60 mm non-TC dish 
 Add 5 mL collagenase and 0.23 g rat lung to each of 3 wells in a 6-well plate and 
incubate with agitation for 30 minutes at 37oC 
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Experimental Group 1: 
 Use serological pipette to remove liquid and place in 15 mL conical tube 
 Add 1 mL complete media to tube 
 Centrifuge tube at 200 g for 7 min (BIG CENTRIFUGE INFO) 
 Aspirate supernatant  
 Resuspend cells in 5 mL CM and plate in one well of a 6-well plate 
 
 
Experimental Group 2: 
 Remove large chunks of rat lung using forceps 
 Add 5 mL CM to another well in 6-well plate from Group 1 
 Use serological pipette to remove liquid and add to CM in 6-well plate 
 
Experimental Group 3: 
 Add 5 mL CM to another well in 6-well plate from Group 1 
 Use forceps to add rat lung chunks to CM in 6-well plate 
 Use serological pipette to remove liquid and add to CM in 6-well plate 
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Collagenase experiment #3 – Pig carotid artery  
2 arteries obtained from local butcher and stored in a solution of 2% Penn/Strep in DPBS(-) 
1. Place clamps in 70% isopropyl alcohol for 30 mins in 50 mL conical tubes to clean 
2. Use serological pipette to rinse arteries 3x with 10 mL fresh 2% P/S in DPBS(-) 
a. Rinse both outside and inside of artery, over waste beaker 
3. Use serological pipette to rinse arteries 3x with 10 mL sterile DPBS(-) 
a. Rinse both outside and inside of artery, over waste beaker 
4. Use sterile scissors to remove excess fatty tissue around artery 
5. Rinse clamps 4x with DPBS(-) 
6. Combine 10 µL collagenase in 33.3 mL DPBS(-) to make 0.3 U/mL collagenase, as in 
Collagenase Experiments #1 and #2 
7. Clamp one end of the artery and add 0.3 U/mL collagenase to fill (~1 mL per artery) 
8. Clamp the other end of the artery and place in fresh non-TC 100 mm dish 
9. Incubate artery for 10 minutes with agitation at 37oC 
10. Repeat steps 7 and 8 for second artery, and incubate for 30 minutes with agitation at 37oC 
11. Add 9 mL CM to 50 mL conical tube  
12. Unclamp artery over the conical tube to remove collagenase and cells 
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13. Flow 40 mL CM through artery and into the conical tube to neutralize the collagenase 
14. Centrifuge tube at 1500 RPM for 7 mins (VWR Clinical 200 Centrifuge) 
15. Centrifuge tube at 2500 RPM (700 G) for 10 mins (VWR Clinical 200 Centrifuge)**** 
16. Resuspend pellet in 12 mL CM 
17. Plate 2 mL of suspension in each well of two 6-well plates 
18. Add 3 mL CM to each well (5 mL total volume) 
19. Add liquid from incubation dishes (step 9) to 10 mL CM in 100 mm TC dish 
20. Replace media after 24h to remove unattached cells 
 
**** Cells were resuspend due to insufficient pelleting after first centrifugation. The second 
cycle was calculated to be more accurate to the recommended speed of the centrifuge and 
resulted in a larger pellet of cells  
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Appendix D – Subculturing Protocol and Complete Media Recipe 
This appendix covers how cells were sub cultured as well as the basic complete media 
used. 
Subculturing 
1. Aspirate media from plate 
2. Rinse cells with 5 ml of DPBS(-) and aspirate 
3. Add 3 mL of Trypsin  
4. Incubate plate on at 37oC for 5 to 10 minutes, until cells have detached from the plates 
(can be viewed under a microscope) 
5. Add 2 mL of complete media to neutralize Trypsin 
6. Add suspension to 15 mL conical tube, remove sample for counting, and centrifuge at 
200g for 8 minutes 
7. Aspirate supernatant without disturbing the cell pellet in tube 
8. Resuspend cells in complete media at desired dilution 
9. Plate desired cell concentration in 10 mL total complete media on a tissue culture dish 
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Appendix E – General Complete Media Recipe 
Complete Media 
Basic complete media creation 
 
Component Volume Stock Concentration 
DMEM - with high glucose 
and sodium pyruvate, 
without L-Glutamine 
88 mL 1x 
FBS 10 mL 10% 
Glutamax (G-max) 1 mL 2 mM 
Penn Strep (P/S) 1 mL 1x 
 
 Add FBS to sterile 100 mL bottle using sterile 10 mL serological pipette. 
 Add G-max to bottle using sterile 1 mL serological pipette 
 Add P/S to bottle using sterile 1 mL serological pipette, 
 Add DMEM to bottle using sterile serological pipette (to fill) 
 Mix well (using repeat pipetting or gentle inversion) and store in refrigerator between 
uses 
 
** Can create other volumes of the same CM using the same proportions 
88% of 1x DMEM 
10% of 10% FBS 
1% of 2 mM G-max 
1% of 1x P/S 
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Appendix E – ABET Objectives 
 
This section outlines where in the report the Biomedical Educational Objectives were met. 
 
An ability to design a system, component, or process to meet desired needs within realistic 
constraints such as economic, environmental, social, political, ethical, health and safety, 
manufacturability, and sustainability (ABET 3c) while incorporating appropriate engineering 
standards (ABET Criterion 5) (need to assess each of these separately, but since ‘or’ and “such 
as” not all need to be met separately). 
i) multiple realistic constraints (economic, environmental, social, political, ethical, 
health and safety, manufacturability) – pages 26-42 
ii) appropriate engineering standards – pages 14-25 
 
An ability to function on multidisciplinary teams (3d) – pages 23-24 
 
An understanding of professional and ethical responsibilities (3f) 
i) Professional – pages 65-66 
ii) Ethical – pages 57-59 
 
An ability to communicate effectively (3g) -- pages 60-64 
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The broad education necessary to understand the impact of engineering solutions in a global, 
economic, environmental, and societal context (3h). (Both economic AND environmental need to 
be addressed) 
i) Economic – pages 57-59 
ii) Environmental – pages 57-59 
 
A knowledge of contemporary issues (3j) – pages 4-13 
 
 
 
 
